Ribonucleic acid (RNA) is one of the two nucleic acids used by extant biochemistry and plays a central role as the intermediary carrier of genetic information in transcription and translation. If RNA was involved in the origin of life, it should have a facile prebiotic synthesis. A wide variety of such syntheses have been explored. However, to date no one-pot reaction has been shown capable of yielding RNA monomers from likely prebiotically abundant starting materials, though this does not rule out the possibility that simpler, more easily prebiotically accessible nucleic acids may have preceded RNA. Given structural constraints, such as the ability to form complementary base pairs and a linear covalent polymer, a variety of structural isomers of RNA could potentially function as genetic platforms. By using structure-generation software, all the potential structural isomers of the ribosides (BC 5 H 9 O 4 , where B is nucleobase), as well as a set of simpler minimal analogues derived from them, that can potentially serve as monomeric building blocks of nucleic acid-like molecules are enumerated. Molecules are selected based on their likely stability under biochemically relevant conditions (e.g., moderate pH and temperature) and the presence of at least two functional groups allowing the monomers to be incorporated into linear polymers. The resulting structures are then evaluated by using molecular descriptors typically applied in quantitative structure-property relationship (QSPR) studies and predicted physicochemical properties. Several databases have been queried to determine whether any of the computed isomers had been synthesized previously. Very few of the molecules that emerge from this structure set have been previously described. We conclude that ribonucleosides may have competed with a multitude of alternative structures whose potential proto-biochemical roles and abiotic syntheses remain to be explored.
Introduction
T he molecular solutions life has arrived at for information storage, in the form of DNA and RNA ( Fig. 1) , are likely evolutionarily optimized with regard to various constraints, including stability, ability to encode information, and ability to compact it in small spaces, such as cells. These requirements can likely only be met by certain molecules given the rules of organic chemistry, though the set of possible molecules could be very large. If there were alternative molecules that could better fulfill these criteria, then extant genetic systems could be considered suboptimal. It is of interest to understand whether biology's solution to these various problems is optimal, suboptimal, or arbitrary. One way to explore this is with structure generation software and in silico property screening.
RNA plays a central role in biochemistry as the transcriptional intermediary of genetic information as well as the mediator of the translation of mRNA messages into peptides and proteins. It has been suggested that RNA preceded DNA in biochemical evolution based on several lines of evidence: the central role of RNA in the flow of information within the cell (Woese, 1967; Crick, 1968; Orgel, 1968) , the fact that deoxyribonucleotides are often biosynthesized from ribonucleotides (Benner et al., 1989) , and because many enzyme cofactors are ribonucleotide derivatives (White, 1976; King, 1980) . The antiquity and central importance of RNA in biochemistry suggests that RNA is not only ancient but also primordial (Gesteland et al., 2006) . Consequently, the quest for a prebiotic synthesis of RNA has been actively pursued over the last 50 years (Sanchez and Orgel, 1970; Fuller et al., 1972a Fuller et al., , 1972b Powner and Sutherland, 2008; Powner et al., 2010; Benner et al., 2012) (Fig. 2) .
To date, no one-pot reaction has yielded either the purine or pyrimidine ribonucleosides directly from likely prevalent prebiotic starting materials, though various steps along the way have been shown to be chemically feasible (Fuller et al., 1972a (Fuller et al., , 1972b Ricardo et al., 2004) . Several synthetic strategies have been tried, and all lead to some degree to mixtures of isomers. For example, the direct condensation of purines with ribose gives mixtures of a-and b-isomers, as well as various exocyclic amine-substituted molecules (Fuller et al., 1972a (Fuller et al., , 1972b . The condensation reactions of thymine, cytosine, and uracil with ribose are known to be nonproductive, although the use of alternative pyrimidines has been shown to yield small amounts of pyrimidine ribosides (Bean et al., 2007; Sheng et al., 2009) . Doubts remain regarding the prebiotic plausibility of some of the schemes that have been investigated to date for RNA monomer synthesis (Shapiro, 1984 (Shapiro, , 1988 (Shapiro, , 1995 McCollom, 2013) . It has thus been suggested that, since RNA is not unique in its ability to carry out its biological functions such as base-pairing and information transfer, it may merely be a frozen accident, perhaps the result of some combination of structural requirements for carrying out a cybernetic function and requirements of the complex set of reinforcing reactions that comprised metabolism during evolution (Braakman and Smith, 2013) .
According to this view, RNA is an exceptional solution to the problem of molecular information storage but was not the first solution to this problem in a continuum of molecular systems (Cairns-Smith, 1977; Joyce et al., 1987) . Nevertheless, the apparent difficulty of RNA's prebiotic synthesis has led relatively few of those interested in the origin of life to explore the prebiotic synthesis of other molecules that are perhaps more robust (e.g., Nelson et al., 2000) .
''Structure space'' represents the number of molecular structures that could exist given specific defining parameters (Oprea and Gottfries, 2001; Kirkpatrick and Ellis, 2004; Drew et al., 2012) , for example, the total organic structure space, the druglike structure space (Lipinski and Hopkins, 2004; Eberhardt et al., 2011) , the amino acid structure space (Meringer et al., 2013) , and so on. Many of these chemical spaces are very large. For example, the total number of possible stable druglike organic molecules may be on the order of 10 33 to 10 180 (Gorse, 2006; Polishchuk et al., 2013) . Limiting the diversity and range of properties culls these sets significantly; for example, the number of druglike compounds estimated to be synthesizable by current techniques is on the order of 10 20 to 10 24 (Ertl, 2003) . For comparison, the number of neuro-active compounds, which may be comparable to the size of nucleic acid chemistryspace due to their size and number of potential host-protein recognition surface interaction-point requirements, has been estimated to be in the range of 10 15 molecules (Weaver and Weaver, 2011) .
In contrast, the number of known naturally occurring or synthetic molecules is much smaller. As of July 2009, there were 49,037,297 unique organic and inorganic chemical substances registered with the Chemical Abstracts Service (Ruddigkeit et al., 2012) . The Dictionary of Natural Products as of March 2009 ( Ji et al., 2009 ) listed *214,000 compounds, though the ''common core'' of modern metabolism comprises a mere *500 compounds (Dobson, 2004; Smith and Morowitz, 2004) , and there are perhaps a few thousand total low-molecular-weight compounds found in the human body (Goto et al., 2002) . As a final comparison, a recent exploration of the organic contents of methanol extracts of the Murchison meteorite using high-resolution mass spectrometry revealed a complex though relatively small set of compounds ranging from 10 5 to perhaps 10 7 (Schmitt-Kopplin et al., 2010). Clearly, nature is constrained in its exploration of the vastness of chemical space by the reaction mechanisms available to it at any given point in time and the physicochemical stability of the resulting structures in their environmental context. Antiviral and antisense research has shown that a wide variety of nonnatural nucleotide analogues have biological activity (Périgaud et al., 1992) . The recognition and replication features of DNA and RNA are also not unique to those molecules but can also be engendered by a range of related structures (Egholm et al., 1992; Eschenmoser and Loewenthal, 1992; Schöning et al., 2000; Eschenmoser, 2005; Zhang et al., 2010; Pinheiro et al., 2012) (Fig. 3) .
A nucleic acid can be viewed as a polymer of tri-functional monomers, with the three functional moieties being a recognition surface and two points capable of being joined via covalent linkages (Fig. 1E) (Cleaves and Bada, 2012) . In naturally occurring nucleic acids, the ''recognition surface'' is a nitrogenous base, while we term the sugar and its attendant functional groups the ''core.'' Ribonucleosides are thus tetra-functional (containing a recognition surface and three alcohol groups: 2¢, 3¢, and 5¢), but their reactivity and regiochemistries are enzymatically controlled, avoiding the less stable 2¢,5¢-linkages (Usher and McHale, 1976; Yin and Steitz, 2002) . Natural nucleic acid monomers also include a ''linker'' molecule, in this case a phosphate moiety. Many other functionalities have been demonstrated to function as unnatural internucleoside linkages, including ethers, esters, sulfonates, amines, phosphonates, and amides (Schneider and Benner, 1990a; Li et al., 2002; Bean et al., 2006; Cleaves and Bada, 2012) .
The number of molecules that could fulfill the minimal requirements of being ''nucleic acid-like'' is remarkably large and in principle limitless, though reasonable arguments could probably be made as to why monomers cannot contain more than some given number of carbon atoms, which might depend on the chemical behavior of such molecules or might be impractical with respect to a dynamic and material-stingy evolving metabolism (Cleaves, 2010) . It is in principle difficult to ascertain how common such FIG. 2. Some previously explored prebiotic syntheses of nucleosides and nucleotides. molecules are in structure space. One way to address this question is to limit exploration of the structural complexity allowed to a specific range of molecular formulas. Presently, there are known nonnatural nucleic acid analogues that have core formulas containing three carbon atoms [e.g., GNA, BC 3 H 7 O 2 (Ueda et al., 1971) ] to eight carbon atoms [e.g., tricyclo-DNA analogues BC 8 H 11 O 3 (Dugovic et al., 2014) ]. Molecules that contain N, S, or other heteroatoms in the linker, recognition elements, or core, while retaining their base-mediated hydrogen-bonding functionality, are also known in both natural and nonnatural systems, and the existence of a few known exemplars makes consideration of nucleic acid-like structure space truly daunting. The number of valid, likely-to-be-stable molecular formulas that contain potentially base-pairing-compatible isomers and include cores containing between three and eight carbon atoms is undoubtedly very large. BC 5 H 9 O 4 was thus chosen for this study merely for the fact that it is the formula of the extant biological isomer.
Enumeration of the riboside BC 5 H 9 O 4 space gives some appreciation of the size and dimensionality of nucleic acidlike molecule space and allows some consideration of the optimality or arbitrariness of biology's choice of this particular isomer. Enumeration of the BC 5 H 9 O 4 chemical space should thus merely be considered an exploratory transect in the very complex formula space of nucleic-acid compatible building blocks.
With respect to the atom choice explored here (using only C, H, and O), we note first that C, H, and O are among the most cosmo-and geochemically abundant elements and that CHO isomers are in principle derivable from formose-type chemistry, which allows an obvious linkage to abiotic geochemistry. S (kept at the -2 oxidation state) could be swapped for O in any of the structures presented. A one-toone mapping would give an equal number of structures, but there could be plausible molecules containing combinations of S and O (barring chemical incompatibilities that would bear further consideration). There could be as many as 17 times as many possible core isomers where S could entirely, or partially, substitute for O (yielding *3859 total isomers for BC 5 H 9 O x S y , where x + y = 4 and y ‡ 1).
Inclusion of N in the core (restricting it to the -3 oxidation state of amine functionalities) would complicate this analysis considerably. This again underscores the question of why biology restricts itself to this molecular formula for this most fundamental molecule type and whether the functions of RNA could equally well have been carried out by structures not otherwise explored by biology. We are currently calculating the number of plausible isomers over a much broader and more inclusive formula range, with results to be reported shortly. The evaluation of the BC 5 H 9 O 4 isomer space must thus be viewed as a first practical example of an exploration of what is a much larger chemical space.
We present here the results of a simple exploration of the constitutional space of the ribosides with respect to fundamental functional and chemical constraints imposed by bonding and reactivity rules. Limiting the search to structural isomers with the molecular formula of the core sugar of RNA (BC 5 H 9 O 4 , where B = a nitrogenous base), the range and variety of possible structures is enumerated precisely with structure generation software. The resulting structural isomers are further categorized according to a number of computed descriptors. This gives a glimpse of what abiotic chemistry and evolving biochemistry could produce and provides a host of interesting synthesis targets for medicinal chemistry and basic research.
Materials and Methods

Structure generation
The isomers of the natural ribosides were generated with MOLGEN 5.0 (Gugisch et al., 2009 (Gugisch et al., , 2014 . MOLGEN 5.0 allows for the calculation of all constitutional isomers of a given molecular formula. In this case, we chose to explore all the isomers of BC 5 H 9 O 4 , the furanosyl ribosides' formula, leaving the phosphate moiety off, which could in any event potentially be replaced by another linker such as glyoxylate (Bean et al., 2006) . We coded the base moiety as a ''dummy'' univalent chlorine (Cl) atom to give a final formula of C 5 H 9 O 4 Cl. This allows enumeration of the isomers of all the A, U, G, C, and T ribosides simultaneously with less computing time. The structure generation is performed iteratively with the concomitant development of a restrictive ''bad'' list, which precludes the output of structures deemed structurally unstable. In addition, a previously compiled bad list for organic compounds in aqueous solution (Meringer et al., 2013) and a preloaded bad list that excludes highly strained ring systems are used, rings of size 3 and 4 are forbidden, and Cl being connected to a carbon atom is prescribed. Numbers of functional groups such as -OH can be specified by MOLGEN's ability to define the number of hydrogen atoms as part of an atom state. The output was restricted to include molecules with at least two -OH groups. Certain structural constraints could only be formulated as substructures with substructure restrictions, for example, the property of certain atoms lying on rings. Such substructure restrictions are not offered by MOLGEN 5, but they are accessible via MOLGEN-QSPR (Kerber et al., 2004) and were applied as a post-generation filtering step. To generate the complete ribosides, the final output sd file then had the chlorine atom replaced with AUGC or T via an N 9 linkage for the purines or an N 1 linkage for the pyrimidines. For this, MOLGEN-COMB's ability to virtually execute user-defined reactions on multiple reactants was used (Gugisch et 
Gibbs free energy of formation estimation
The free energies of formation of the adenine-substituted isomers were computed with Group Contribution Method software developed previously ( Jankowski et al., 2008) .
Synthetic accessibility scoring
Some organic compounds are more difficult to make, in the laboratory or abiotically, than others. This is due to several factors, among them the ready environmental, commercial, or synthetic availability of precursors; the difficulty of various organic couplings; and the difficulty of introducing and/or maintaining stereocenters during synthesis (Boda et al., 2007) . Ease of synthesis can be computed against databases of known synthesized compounds. The commercially available SYLVIA (Estimation of the Synthetic Accessibility of Organic Compounds) software (https://www.molecular-networks.com/products/sylvia) was used to assess the ease of laboratory synthesis of the compounds discussed herein. SYLVIA assigns a synthetic accessibility score on a scale from 1 (facile synthesis) to 10 (complex and challenging synthesis).
SYLVIA's method for calculating synthetic accessibility takes into account a variety of criteria such as the complexity of the target structure, the complexity of the target structure's ring systems, the number of stereo centers in the target, the similarity to commercially available compounds, and the applicability of known synthesis reactions to the target's formation. These criteria are individually weighted and combined to give a single value for synthetic accessibility. Results of a survey of several medicinal chemists are also considered in the weighting process. The synthetic accessibility estimation consists of five components. The molecular graph complexity score is based on graph and information theory and takes into account the size, symmetry, branching, rings, multiple bonds, and heteroatoms of the target molecule. The ring complexity score penalizes bridged and fused ring systems that might be difficult to synthesize. The stereochemical complexity score counts the number of tetrahedral stereo centers in the target. The starting material similarity score takes into account the fact that structures with complex structural motifs can still easily be synthesized if the parts are available starting materials. More similar compounds are identified, and the higher the coverage of the target molecule, the easier it is to synthesize a given target compound.
Synthesis design programs perform retrosynthetic analysis to transform the target structure to a sequence of progressively simpler structures along a retrosynthetic pathway, which ultimately leads to simple starting materials. The overall synthetic accessibility score of a target structure is calculated by summing the five weighted individual components.
The isomer sets were uploaded directly into this software and evaluated using SYLVIA's algorithm.
Comparison with structure databases
The resulting output files containing the enumerated and filtered structures were parsed against a number of public [PubChem (https://pubchem.ncbi.nlm.nih.gov) and ChEMBL (https://www.ebi.ac.uk/chembl)], publicly available [GDB11 (Fink and Reymond, 2007) , GDB13 (Blum and Reymond, 2009) , and GDB17 (Ruddigkeit et al., 2012) ], and private [Reaxys (www.reaxys.com)] databases to determine whether any of the enumerated molecules had been described previously, either synthetically or computationally. The complete set of U and C riboside formula isomers from the GDB17 database were kindly provided by its authors as SMILES strings and converted to InChi format with OpenBabel software (www.openbabel.org). These were compared against our U and C isomer files for overlap.
The workflow of the structure generation process is shown in Fig. 4 .
Results
Isomer space
Our initial output comprised 32,710 molecular graphs. Excluding disallowed ''bad'' list elements gave 854 structures, which contained numerous orthoesters and hemiacetals. These were further refined by additions to the bad list or via postprocessing to give a final set of 227 structures shown in Fig. 5 .
Structural properties
The 227 structures in the output library include both acyclic and cyclic species (Table 1) and are available as a supplementary sd file (Supplementary Data are available online at www.liebertonline.com/ast).
In a few cases, these were still permutational isomers representing unique ring closure of the same connectivity isomer, for example, ribofuranose versus ribopyranose isomers; however, these represented a small percentage of the overall enumerated isomers.
It should be noted that the frequency of a given structural motif in this structure space does not imply that the relative frequency of structural motifs would be retained in neighboring formulas with different numbers of atoms. For example, a neighboring formula with a different number of double bond equivalents (DBEs) may increase or lower the output structures that can contain any given set of motifs in an almost unpredictable fashion.
Aldehyde series
There are 28 aldehyde-containing structures in this set. All but eight of them can in principle cyclize to give 5-and/ or 6-membered hemiacetals.
Ketone series
There are 17 ketone-containing structures, of which only four could potentially cyclize to give 5-or 6-membered hemiketals. In some cases, cyclization could mask hydroxyl groups that could otherwise be employed in polymerization.
Carboxylic acid series
There are 79 molecules containing free carboxylic acid (i.e., those not involved in ester or other functionalities). All of these could be oligomerized as esters, and 34 of them could cyclize to give 5-or 6-membered lactones. The cyclic lactone products could possibly facilitate polymerization by a ring-opening mechanism (Brunelle, 1993) .
B(C = O)C (glycosyl) acyl-linked nucleobase series
There are 30 isomers containing this motif in the computed set. These appear inherently unstable. It is difficult, however, to know what biochemical systems might accomplish, and such molecules are known in the literature (Dutta et al., 1977) , though their decomposition half-lives under physiological or other conditions have not been rigorously determined.
B(C = O)O (glycosyl) carbamate-linked nucleobase series
There are nine isomers containing this motif, which should be even less stable than the acyl-linked analogues. Given known exemplars from the literature (Dyer and Minnier, 1968) , they were retained in this analysis. hybridized carbon atom attached to an oxygen atom; 0°to 3°B, the B moiety is attached to a C atom that is attached to 0-3 other C atoms; 5-7 Ring, the molecule contains a ring of this size; DiolTetrol, the molecule contains 2-4 hydroxyl groups that are not part of COOH groups; cis-Diol, the molecule contains a 1,2-diol motif; Ester-linkable, the molecule can be incorporated as a polyester directly as it contains both terminal -OH and -COOH groups; Diol-linkable, the molecule can be linked into a polymer either directly as an ether or via the incorporation of an intermediary linker moiety such as phosphate; Both linkages possible, the molecule can be linked in either of the two fashions described above.
Nucleobase-backbone attachment point
Carbon atoms can be described as unique (herein designated 0°), primary (1°), secondary (2°), or tertiary (3°) based on the number of additional carbon atoms attached to them, here 0, 1, 2, or 3, respectively. The nucleobase moiety could be linked to a 0-3°carbon center. The 1°-C linkage, like the one found in the natural ribosides was observed in 50.2% molecules, with the remainder 0°(17.6%), 2°(26.9%), or 3°( 5.2%).
Ring series
The ring series includes the furanose ribosides (such as the arabinosides), as well as their pyranose forms. A total of 47 (*21%) out of the 227 output structures include rings. The presence of a ring may limit the ''floppiness'' of the core and thus reduce the entropic cost of base-pairing in duplex assemblies, although the resulting impact on base-pairing geometries and stabilities is difficult to predict a priori.
These ring systems include thirty-four 5-membered rings, eleven 6-membered rings, and two 7-membered rings, and include one cyclopentane, nineteen furans, fourteen dioxolanes, four pyrans, seven 1,3-dioxanes, and two 1,3-dioxepanes. All of these ring system types are known to occur in natural products (Buckingham, 1993) and thus are in principle derivable from biocatalysis.
3.10. Diol, triol, tetrol, and cis-diol motifs Simply due to the number of DBEs and the starting formula, a large number of the output structures contain two or more hydroxyl groups. Thus, 56.8% are diols, 19.4% are triols, and one structure (0.4% of the set) is a tetrol. A good deal of RNA's ability to act as a catalyst stems from the cisdiol motif present across the C2¢-C3¢ portion of the monomer (Ward et al., 2014) . In fact, in the set of isomers, this motif occurs 87 (38.3%) times and is thus not especially rare. Of course, some of the utility of the cis-diol lies in the fact that only one of the two hydroxyl groups is involved in backbone formation, while the other is free. The cis-diol motif occurs in molecules that are also triols in 33 instances (14.5% of the set).
Possible backbone linkages
A total of 181 of the 227 output backbone structures could be linked via two hydroxyl groups (for example, by a phosphate diester or directly as ethers), 79 could be linked directly as esters, and 33 could be linked both ways.
Ester-linkable molecules
There are 79 structural isomers in this set that could be oligomerized as polyesters, and 46 of these can only be linked as esters. Due to the single DBE in the input formula, all the ester-linkable molecules are acyclic.
Diol-linkable molecules
A total of 181 of the 227 structural isomers in this set could be oligomerized via two hydroxyl groups (see section 3.11 above). These include acyclic molecules and ring-containing structures.
3.14. Monomers linkable in more than one fashion Thirty-three of the output structures could be linked by using either OH/OH-mediated linkage chemistry or ester linkage chemistry. In all these cases, there are three possible variations on the mixed linkage; that is, the molecules could be linked via OH/OH linkages and then by either of two ester linkages.
Stereoisomer space
The 227 generated structural isomers yield 962 total stereoisomers. The ability of each to enable base-pairing bears consideration. The molecules in the final set each contain between zero and five stereocenters. The distribution of stereocenters is shown in Fig. 6 , along with the cumulative number of stereoisomers.
Even the lowest molecular weight CHO nucleoside structure (BC 3 H 7 O 2 ) has two structural isomers (GNA and iso-GNA), as well as two stereoisomers for GNA (the R and S 2,3-dihydroxypropyl derivatives, iso-GNA is prochiral), while the furanosyl riboside connectivity isomers include aand b-anomers of eight stereoisomers, for a total of 16 stereoisomers. Biological b-D-ribosides, with four stereocenters (at the C2¢, C3¢, C4¢, and anomeric C1¢ atoms), thus are at the high end of the stereoisomerism distribution for this isomer space. Only one of the 227 output isomers has more stereocenters (5) than the biological ribosides, though this isomer has only 16 enantiomers due to meso symmetries that arise. Fourteen of the output structures are achiral, or technically prochiral, as a stereocenter would be introduced upon the formation of a polymer.
Of the 79 ester-linkable molecules, all but two contain stereocenters, and these exceptions would again be prochiral. Of the remaining 77, 34 have one stereocenter (68 enantiomers total), 41 have two (164 enantiomers), and 2 have three each (16 enantiomers).
FIG. 6.
The number of structures with a given number of stereocenters of the output set. Black bars: number of connectivity isomers. White bars: number of total stereoisomers.
The majority (*93%) of the structures in the total output set are chiral. This suggests that a chiral bias may be highly likely in the development of linear genetic polymers of this level of structural complexity. This could be considered as a metric of the synthetic complexity of these molecules or a measure of the functional utility of having many stereocenters in precise orientations in a given molecule.
Overlap with existing compound databases
The initial Cl-containing and nucleobase-substituted libraries were compared to the Reaxys database (www .reaxys.com), a database of 24,442,243 compounds as of April 11, 2014. The stereochemistry was suppressed in this search; thus the overlap is representative of structural isomerism and not stereoisomerism. We further compared these libraries to the GDB11 [2.64 · 10 6 compounds (Fink and Reymond, 2007) ], GDB13 [9.7 · 10 8 structures (Blum and Reymond, 2009 )], and GDB17 [1.66 · 10 11 structures (Ruddigkeit et al., 2012)] libraries, which were computationally generated data sets designed to contain large numbers of druglike molecules. The overlap is shown in Table 2 .
A search through the ChEMBL database (https:// www.ebi.ac.uk/chembl), containing 1,359,508 distinct compounds as of April 10, 2014, revealed very few hits (<1%), mainly stereoisomers of the natural nucleosides in both furanosyl and pyranosyl configurations (Table 2) . There was no overlap with the Cl-containing library. The result was similar for PubChem (https://pubchem.ncbi .nlm.nih.gov), which contained 11 out of 1135 potential structures (the AUGCT-substituted isomers, also <1%). The Reaxys database, on the other hand, contained a total of 51 out of 1362 possible isomers or 3.7%. It is evident that chemistry space has not been well explored with respect to this structural class.
Finally, the output library was compared to the GDB11, GDB13, and GDB17 databases, both before and after the addition of nucleobases. There was no particular reason to expect that these structures should be present in these libraries; this is simply a measure of the overlap of the two and in a sense the completeness of the libraries. It is worth noting that these databases are limited by the numbers of heavy atoms they can contain (11, 13, or 17, respectively), among other structural restrictions. Our search formula already contains 10 heavy atoms (C 5 O 4 Cl), and the addition of a nitrogenous base adds from 8 to 11 heavy atoms (using U or C as replacements for Cl, with 8 heavy atoms each: C 4 N 2 O 2 or C 4 N 3 O, or G, with 11 heavy atoms: C 5 N 5 O).
Thus, only GDB17 can contain our base-modified output isomers, and then only of the U and C derivatives. GDB17 contains 56,683,397 isomers of cytidine and 26,419,868 isomers of uridine. Among these, there were 133 each C-and U-containing stereoisomers that overlapped with the 962 for each nucleobase derivative in our enumerated sets (*13.8% overlap), representing 54 of the basic 227 potentially polymer-incorporable stable riboside isomers enumerated here (*23.8% overlap).
Considering the sizes of these databases, it is somewhat surprising that the output libraries contain so little overlap for molecules containing more than 10 heavy atoms. Some of this is simply due to the truly enormous size of chemical space, in the case of the computed libraries, and some of it is due to the logic and methodologies that drive exploration of real-world chemical space. 
FIG. 7.
Distribution of possible backbone distance monomer repeats from the enumerated set. Black bars: ester linkages. White bars: diol-mediated linkages connected directly as ethers. Light gray bars: diol linkages assuming incorporation of a phosphate linker. Linkage distance repeat frequencies are summed over the total number of occurrences in the set, i.e., a single structure that can be linked three unique ways is counted three times.
Comparison with RNA Monomers
RNA is normally linked by 3¢/5¢ linkages; however, as has been shown by Szostak and coworkers (Engelhart et al., 2013) , 2¢/5¢ linked polymers are also capable of base-pairing and expressing catalytic function. Thus, analogous to the alternative linkages investigated by Eschenmoser (2005) , of the 100 output structural isomers that can only be linked via OH/OH-mediated linkages (such as phosphodiesters), 62 are limited to a single isomeric intermolecular linkage. However, another 27 isomers within the enumerated set, including the natural ribosides, can be intermolecularly coupled via three distinct regiochemistries, with the additional complexity of head-to-tail, head-to-head, and tail-to-tail linkage directionality. One remaining isomer lends itself to six possible linkage regiochemistries.
This regioisomeric ambiguity has a functional utility in the linkage of nucleic acids and peptides in translation. Acyl-activated amino acids may jump from the 2¢ and 3¢ hydroxyl groups of the donor tRNA, or seen in another light, one of the -OH groups makes the other more reactive. A cis-diol motif may thus be a structural requirement, and if encountered in a ring system, it may be required that the two -OH groups be vicinal and syn-oriented.
Linkage distances
While native nucleic acid oligomers manifest a 6-atom repeating structure along the backbone, as do many analogues such as LNA, HNA, and PNA, this is not an absolute requirement to enable base-pairing. For example, TNA and GNA have 5-atom-unit repeating backbones, and basepairing systems with 3-, 4-, 5-, and 7-atom backbone repeats are also known (Diederichsen and Schmitt, 1998; Eschenmoser, 2004; Zhang et al., 2005; Kashida et al., 2011) .
The distribution of backbone atom repeats for both sets is shown in Fig. 7 .
For the enumerated output isomer set, 34% of the esterlinkable structures would give 6-atom repeats, while 33% of the diol-linkage structures would do similarly if linked by a phosphate moiety. The 6-atom repeat is thus not an especially rare motif within this structure space.
The ribosides include more than two hydroxyl groups and can thus be linked in multiple ways, for example as 3¢, 5¢ linkages or 2¢, 5¢ linkages. Excluding the combinatorics involved in addition of multiple types of nitrogenous bases [which could be further complicated by the use of other noncanonical bases and other glycosidic or pseudo-glycosidic linkages such as C-glycosides (Benner et al., 1998 systems (ignoring stereochemistry) using only direct ester or diol-phosphate-linkages derivable from even this very restricted set of constitutional isomers of the ribosides.
Structural comparison with RNA
The presence of the extra, unmasked hydroxyl or COOH group in many of these enumerated riboside isomers potentiates a variety of emergent chemical and catalytic competencies. Eighty-six (*37.9%) of the enumerated isomers computed here could also retain a free hydroxyl group following macromolecular synthesis.
Among the many properties computed that do not appear to be restricted to the riboside structures, some properties appear to be relatively special in the case of the ribosides. A comparison of the computed moments of inertia (MOI) and molecular shadows of the adenosine isomers along the three principle axes of each molecule is shown in Fig. 8 . The MOI is a measure of the distribution of mass about the center of gravity and thus to some degree a measure of the relative ''compactness'' of the density distribution of a molecule, while the shadow is similarly, but in a sense inversely, a measure of the relative ''expansiveness'' of the molecule.
As can be seen, b-ribofuranosyladenosine falls relatively close to the center of the MOI distributions but almost at the extreme of the shadow distributions for the enumerated set. This hints at there being some utility in presenting the largest possible cross section, which may maximize the potential for recognition interactions between the molecules and elements such as nucleic acid-binding peptides.
The rigidity of a nucleoside is also important, as this limits the number of ways the base-pairing elements are presented to complements. More rigid molecules tend to have less freely rotatable bonds. A comparison of optimal compaction and rigidity as measured by computed van der Waals volume and the number of freely rotatable bonds is shown in Fig. 9 .
In Fig. 9 , more compact and more rigid isomers would fall toward the lower left of the plot. Clearly, among the various possible isomers, the b-ribofuranosylribosides belong to the most compact and rigid set.
Estimated standard molar Gibbs free energies of formation
The standard molar Gibbs free energies of formation (D f G deg m ) at 298.15 K were computed for the adenosine isomers with group contribution methods previously reported in the literature ( Jankowski et al., 2008) (Fig. 10) .
The computed values ranged from -28.43 to -71.12 kcal mol -1 , with uncertainties estimated between 8% and 20%. Adenosine fell roughly in the middle of the range with a DG of -43.1 kcal mol -1 [literature value -46.5 kcal mol 
Functionally and structurally minimal core structures
Ribosides are in many senses structurally minimal. There is likely a selective utility for each of their observed functionalities. For example, the atomic repeat of the polymer optimizes the base-stacking interactions, the rigidity of the ring structure optimizes base presentation for base-pairing, the 2¢, 3¢ cis-diol motif optimizes both metal chelation and strand instability, and so on. However, with respect to the minimal nucleoside motif described in Fig. 1 , in principle only the attachment points for incorporation into a linear polymer and the recognition surface are required. Many of the generated isomers can be reduced to simpler structures based on their core connectivity patterns. This reduction is arbitrary with respect to the functional utility each chemical moiety affords the final structure. For example, various side-chains that are not directly required for forming the core scaffold can be removed to give minimal functional cores. The groups removed could of course confer functional advantages, such as solubility, to the original structures.
Such minimal nucleosides have found considerable use as antiviral compounds, and a few have also been incorporated into strongly base-pairing nucleic acid analogues. The functionally minimal derivatives of this set were created by removing any atoms that would not be directly involved in the formation of a polymer, as shown in Fig. 11 .
This allowed the definition of a set containing 34 minimal acyclic riboside analog structures (Fig. 12) .
Six of the minimal structures are prochiral, and the remaining 62 have one stereocenter. A total of 37 of the 68 are linkable as esters; the remainder are diol-linkable.
Although the 227 riboside isomers include some useful antivirals (Périgaud et al., 1992) , this set also includes many structures that would not be economically reasonable to explore in the quest for useful drugs. The minimal acyclic set, however, has been more widely explored and includes several potent antivirals such as ganciclovir and penciclovir. The 68 structures in the minimal acyclic set were searched against the Reaxys database as the A, U, G, C, and T derivatives. There were 21 hits against N 9 -G-containing structures, 19 against N 9 -A-containing structures, 18 against N 1 -T-containing structures, 16 against N 1 -U-containing structures, and 9 against N 1 -C-containing structures. In total, these represent 31 of the 68 structures, including five containing carboxylic acid functional groups. Only four structural motifs represent all five derivatives, and only five motifs (including the previously mentioned four) represent complete potentially ''coding sets'' (including AUGC or ATGC). The earliest synthesized analogue was made in 1965. Thus, this enterprise has been explored for 50 years already, but little effort has been made to extend it into the alternative nucleic acid space. In this light, it is significant that only three of the 68 structures (GNA, isoGNA, and FNA) (Zhang et al., 2005 Karri et al., 2013) have been explored as base-pairing systems. It should be noted that the criteria for deciding whether structures are worthy of further exploration has hinged on their measurable effects over the timescales of biological systems, which are already based on another coding structure. Proto-biological systems using other motifs would almost necessarily be more inefficient relative to these and not worthy of exploration from the standpoint of biomedical science. They might be perfectly viable, though, in carrying out information transfer in less robust systems.
The manner in which exploration of this structure space has been carried out is explicable by the fact that the main goal of nucleoside analog research has been antiviral therapy. It has been found that many of the modifications of the riboside structure appeared to predictably not yield virusinhibitory drugs. For example, none of the seco-nucleosides proved to be good antivirals (Agrofoglio and Challand, 1998) , and a few early studies showed that most acyclonucleosides were not good base-pairing systems (Schneider and Benner, 1990a) . However, some of the unexplored motifs might have interesting properties in polymeric contexts, and this structure space cannot as yet be considered exhaustively explored. In any event, we provide here a fairly large list of structures that might be explored by intrepid ''chemonauts'' curious about the fundamental properties of chemical space. 
Synthetic accessibility
The riboside isomers and minimal structures were evaluated with SYLVIA. Molecules are scored according to a database of reactions and known commercially available starting materials, and according to the number of disconnections necessary for synthesis and the number of stereocenters. The SYLVIA-generated overall synthetic accessibility and stereochemical complexity scores are shown in Fig. 13 .
As can be seen, the b-ribofuranosyl structure is not the simplest within this enumerated chemistry space based on this metric, though it is simpler than many of its isomers. Of course this is evaluated from the standpoint of laboratory synthesis, and the starting materials and transformational chemistry are well known and readily available in the case of the b-ribofuranosyl structure. An equivalent calculation cannot as yet readily be carried out to evaluate prebiotic synthesizability.
The stereochemical score, which simply determines how many stereocenters are present in the target, highlights that the ribosides are considerably more complex than many of the riboside isomers and all the minimal structures. Interestingly, isoGNA, likely by virtue of being prochiral, scores among the simplest of molecules. FNA is similarly scored as very simple. GNA, likely by virtue of having a stereocenter, scores as moderately complex.
Discussion
The structural space explored here is restricted to the molecular formula of the core RNA riboside but nonetheless includes a large number of possible isomers. In the formula range from BC 3 H 7 O 2 (GNA's formula) to BC 5 H 9 O 4 (RNA's) there are likely scores of valid formulas. These could collectively produce many thousands of structurally sound isomers. In turn, each of these isomers could yield many stereo-and macromolecular linkage-isomers, leading ultimately to perhaps billions of nucleic acid polymer types potentially capable of supporting base-pairing.
It is likely that only a subset of these structural and stereoisomers would lead to stable base-pairing systems, and we presently have no guiding algorithm to predict the location or population density of base-pairing systems in molecular formula or structure space, which undoubtedly depends on more subtle questions of molecular geometry and stereoelectronics. A more detailed view into these structure spaces will likely require continued experimental efforts as well as molecular dynamics simulations. There are only two connectivity isomers of GNA (GNA and iso-GNA), which together have three stereoisomers, which fulfill the two OH criteria. Only one (50% in structural space or 67% in enantiomer space) of these has generally proven to be a good base-pairing system using canonical nucleobases as recognition surfaces and phosphate as a linker (Seita et al., 1972; Meggers and Zhang, FIG. 11 . Method for extracting functionally minimal nucleoside motifs from the enumerated riboside isomers.
FIG. 12.
The 68 functionally minimal acyclic substructures derived from the computed library, presented from left to right by the number of carbon atoms they contain. 2010; Karri et al., 2013) . Eschenmoser and colleagues explored many of the 16 riboside stereoisomers (Eschenmoser, 1999a (Eschenmoser, , 2005 and found that a good number were effective base-pairing systems, though our analysis suggests many isomers remain to be explored. Thus, the best we can say is that the potential number of base-pairing systems is likely less than 50% in isomer space. Given that so few of these molecules have been synthesized, this still leaves a vast number of polymer systems to be explored experimentally.
Freier and Altmann described some 200 experimental modifications of DNA structure, including modifications of the base, sugar, and backbone, and their impact on hybridization to complementary RNA strands as measured by change in melting temperature (T m ) (Freier and Altmann, 1997) . The large majority of modifications resulted in duplex destabilization. One important reason these authors suggested some structures performed better as complements is that the modified strands were able to ''pre-organize'' to adopt conformations that were compatible with those of their RNA complements. Thus, it may be reasonable to conclude that the vast majority of the structures generated here would not be good RNA-antisense molecules.
However, as Freier and Altmann also noted, there are exceptions, for example, PNA (Egholm et al., 1992) and morpholino-linked analogues (Summerton and Weller, 1997) , which are very good duplex-forming molecules. These authors also noted an even more significant exception in the context of the notion of alternative informational systems, as opposed to antisense systems, in the 2,3-dideoxy-Dglucopyanosyl homo-DNA described by Eschenmoser and colleagues, duplexes of which have a higher T m than cognate DNA/DNA duplexes, which do not form stable duplexes themselves with complementary DNA strands and would not be expected to do so based on their geometry (Eschenmoser and Dobler, 1992) . Thus, there is good reason to expect that few of the molecules enumerated here might be good RNA-binders in a pharmaceutical context, though whether they could be passable in an evolutionary context remains to be determined. Many more, however, could be capable of binding complements with their own composition. This is unfortunately the crucial question, and more unfortunately this can presently only be determined empirically. The development of computational methods for rapid screening of these questions would be of enormous interest.
It is of course possible that there is a literature bias toward structures that exhibit stable base-pairing due to the tendency of researchers to not report structures that fail to do so. We cannot reasonably speculate what fraction of experiments has not been reported in the literature. It may be that most of the isomeric structures in the final set of 227 (and their much larger coterie of enantiomers) have been synthesized and failed to show base-pairing in the laboratory; however, this may be unlikely. There are many structures that have required complicated synthesis, have failed to show stable basepairing (though not necessarily isomers of the single formula considered herein), and nevertheless have been reported in the literature, dating back at least 40 years. Some examples include FNA (Schneider and Benner, 1990b) , which has since been found to be a more stable base-pairing structure than was originally believed ; various S-linked riboside polymers, which were found to be poor base-pairing systems (Schneider and Benner, 1990a) ; amino acid backbone systems (Buttrey et al., 1975) ; and systems using unusual bases (Mittapalli et al., 2007) .
It remains a matter of speculation whether the molecular structures involved in contemporary biochemistry are fundamental or were derived during evolution (Pace, 2001; Davila and McKay, 2014) . Many biochemicals, such as various amino acids, are robustly made via abiotic synthesis (Oró and Kimball, 1961; Miller and Orgel, 1974; Eschenmoser and Loewenthal, 1992) ; however, this must be considered carefully in the context of structure space. Evolving biological systems must have devised ways to reproduce them reliably, which decoupled them from dependence on environmentally supplied organics.
Although some nucleic acid components, such as adenine and guanine, are also easily derived from abiotic chemistry (Borquez et al., 2005; Callahan et al., 2011) , nucleosides themselves are more complex and may require biochemical systems for their construction (Bywater, 2012) . It is not known what percentage of the riboside analogues described here could easily be accessed by prebiotic chemistry. Although the synthetic space of the extant nucleotides has been explored, and this has given at best ambiguous results, there are likely other structures worthy of exploration in the search for primordial informational genetic polymers.
Charge and COSMIC ''inter''-LOPERs
It has been suggested that proteins and nucleic acids explore fundamentally different structure-property spaces (Benner, 1999) ; proteins often fold into compact globular structures in which molecular surface properties counterbalance propensities for precipitation. Biological nucleic acids have the useful property that their sequences can be completely modified without almost ever compromising the molecule's overall solubility, as the invariant portion of the molecule, the backbone linker and core, compensate for any changes introduced by modification of the recognition elements. This requires approximately one permanent charge per *300 Da of mass. Thus, genetic molecules must be, as Benner (1999) termed them, ''COSMIC LOPERs'' (Capable Of Searching Mutationspace Independent of Concern over Loss Of Properties Essential for Replication), which may be one of the reasons for the inclusion of phosphate in biological nucleic acids (Westheimer, 1987) . The inclusion of this criterion would severely limit the number of structures compatible with open-ended evolution. Of course, at earlier points in biological evolution, smaller genomes could have tolerated a greater variety of component monomers, ''COSMIC interLOPERs,'' with properties less optimal than those of ribonucleotides.
The enumerated set includes molecules that can be linked into polymers in a variety of ways. Though OH/OH-linked molecules can, for example, be linked via ether linkages, this would provide no net charge on the resulting polymer. Alternatively, such molecules could be joined by any number of uncharged or ionizable linkers, such as phosphate, as in DNA and RNA. Ester-linked polymers, though the linkage is in some ways simpler as no linker is required, would not provide solubilizing charges.
Retrosynthetic analysis
There are many viable, though synthetically challenging, structures in this library, the majority of which have not yet been explored. Some may have unusual properties, including facile abiotic syntheses, suggesting that there may be an evolutionary explorable landscape of structures from which early life could have scaffolded itself into more optimal structures. Further, there appear to be many structures that could have been arrived at from various formose reaction products (Shigemasa et al., 1977; Schwartz and Degraaf, 1993) or prebiotic Michael acceptors (Cleaves, 2002) . For example, structures reminiscent of the pentaerythrityl isomers suggested by Joyce et al. (1987) or the atactic glycerol-like structures studied by Schwartz et al. (Visscher and Schwartz, 1988; Zhang et al., 2010) are represented here.
Our initial structure-generation task generated molecules that could contain up to four hydroxyl groups, but -OH groups are also a component of carboxyl groups. Thus, since the input formula contains one DBE, molecules containing one carboxyl group and an additional two hydroxyl groups were allowed output. While our initial structure-generation task was to generate molecules that could be used as part of phosphate-linked backbone structures, molecules containing one hydroxyl group and one carboxyl group could also be joined together in polyester polymers.
Prebiotic synthesis
Relatively few precursors are likely responsible or necessary for the molecular diversity observed in prebiotic chemistry, for example that observed in carbonaceous chondrites (Nagy et al., 1963; Peltzer et al., 1984; Callahan et al., 2011; Cooper et al., 2011) , Miller-Urey-type reactions (Miller, 1957) , and various other prebiotic chemical-diversity-generating systems (Schwartz and Degraaf, 1993; Neish et al., 2010; He et al., 2012) .
Collectively, the origins-of-life research community has directed much effort into understanding how the ribosides could have arisen de novo on primitive Earth, while relatively little research has gone into exploring the prebiotic synthesis of nucleotide analogues that may have considerably simpler syntheses and comparable properties ( Joyce et al., 1987; Nielsen, 1993; Cleaves and Bada, 2012) . Thanks to the achievements of synthetic organic chemists, scores of alternative molecules are now known, along with the large number described in this article, including both the riboside isomers and the structurally minimal nucleoside analogues. For reasons that are likely guided by the logic of Occam's razor, and the so-called continuity principle (Mulkidjanian et al., 2012) , together suggesting that only extant biological molecules are valid synthetic targets for prebiotic chemistry, the prebiotic syntheses of very few of these has yet been explored (Nelson et al., 2000) .
Biosynthesis
Analysis of the Gibbs free energies of formation of the various isomers shows that b-adenosine is not thermodynamically unusual within this structure space, and there are both thermodynamically more and less costly structures available. This suggests that thermodynamics was not the principle criterion for nucleoside selection during evolution but rather provided only a weak constraint acting in concert with other more stringent filters such as stability and concordance of structural properties with functional needs.
Conclusions
The isomer space of the biological ribosides has been exhaustively computed here. A total of 227 structures were deemed to be structurally reasonable from the standpoint of organic chemistry in water, representing 962 enantiomers. These isomers can potentially be incorporated into polymers that are either linked by a double condensation-based linkage using phosphate or another linker, or a single condensation reaction as esters. Prebiotic chemistry, which has been explored to introduce linkers, such as phosphate (Beck et al., 1967; Rabinowitz et al., 1968; Schwartz and Ponnampe, 1968; Lohrmann and Orgel, 1971; Slabaugh et al., 1974; Schoffstall, 1976; Pasek, 2008) and activating groups into such molecules, should be in many cases equally applicable to many of these isomers.
This search was constrained by the use of the riboside formula, which limits both atom types and ratios, by consideration of the likely chemical stability of the resulting analogues and by the overlay of structural requirements allowing incorporation of the analogues into a polymer. Greater structural diversity could be obtained by using a less restrictive formula search and by including other elements (such as nitrogen), which is the subject of a forthcoming study. Nevertheless, the present work, even within its restricted scope, indicates the remarkable number of alternative genetic platforms that nature could have explored during biochemical evolution.
There are likely many tens of thousands of possible side chain scaffolds containing only C, H, and O that would allow for the presentation of two hydroxyl groups and the stable attachment of a nitrogenous base in the numerous valid molecular formulas extending up to that of the ribosides. Known examples outside of this formula range include GNA (Ueda et al., 1971; Seita et al., 1972; Zhang et al., 2005) and iso-GNA (3-carbon side-chain analogues), TNA [a 4-carbon side-chain analogue (Eschenmoser, 2004; Herdewijn, 2001) ], and various five-carbon isomers, including b-D pyranose riboside isomers (Pitsch et al., 1993; Eschenmoser, 1999b) . Six-carbon isomers that enable effective supramolecular base-pairing are also known (see Fig. 3 ).
Many known antiviral and antimicrobial drugs are nucleoside analogues (Périgaud et al., 1992; Gallant et al., 2003) , and there is a very poor overlap of the generated library with drugs explored to date. Some of the as-yetunexplored isomers generated here may very well be useful as therapeutics. That so many of these have not been explored points to there possibly being activities that remain to be clinically studied. The requirement of having two attachment points is of course antithetical to the exploration of chain-terminating nucleoside analogues, such as 2¢,3¢-dideoxynucleoside analogues; thus there is a bias against finding these types of therapeutics in this set.
Examination of these alternative nucleoside structures raises several interesting questions. How might we detect other biologies that use these or other alternative genetic molecules? Is RNA a frozen accident of the evolutionary process that gave rise to terrestrial biochemistry, or is it highly predetermined by its inherent chemical properties?
The results presented here can be interpreted in multiple ways. First, laboratory synthesis has demonstrated that RNA is not unique in being able to carry out functions considered fundamental to genetic inheritance (Schwartz and Orgel, 1985; Schmidt et al., 1997; Kozlov et al., 1999a Kozlov et al., , 1999b Chen et al., 2009; Pinheiro et al., 2012) . Second, as we have shown here the structure space of molecules that could carry out these functions is very sparsely explored computationally or synthetically. Third, the prebiotic synthesis of molecules that are capable of carrying out these functions is extremely poorly explored, and prebiotic syntheses of the vast majority remain uninvestigated. Given this enormous structural space, the notion of an easily prebiotically accessible alternative genetic polymer or as a possible alternative evolutionary outcome should not be discounted too quickly.
